tive repression via recruitment of specific HDACs and gene silencing by recruitment of to specific promoters in a cell type-and promoter-specific DNA methylation manner.
m 9H3 markers of silencing proving to be present on the NaCh II promoter in adult murine liver and heart (Fig. 5A) . With the use of MEME and SP-STAR motif-finding algorithms (38) , we located two motifs that are present preferentially within 250 bp of an experimentally confirmed RE1/NRSE consensus site that may be related to the known RE1/ NRSE consensus site ( fig. S7 ). The full importance of these motifs will need to be genetically studied, but one (RE2) is capable of both transcriptional repression and REST/NRSF binding (14) . Thus, analogous to nucleation of gene silencing at specific sequences [polycomb group response elements (PREs)] (2), we suggest that the RE1/NRSE element, perhaps in concert with related sites, might nucleate silencing of specific chromosomal regions.
Recruitment of the corepressor CoREST to REST/NRSE gene targets appears to act as a molecular beacon for the silencing machinery, including MeCP2, SUV39H1, and HP1, to propagate and maintain a methyl CpG-dependent silent state across specific chromosomal intervals, including genes that do not contain REST/NRSF-binding sites (Fig. 5B) . This model is consistent with observations that DNA methylation by itself is not sufficient for silencing (41) . MeCP2 appears to be a critical component of these events in Rat-1 cells, but other factors may operate in cell types where MeCP2 is not expressed. The recruitment of SUV39H1, in part via interactions with MeCP2 complexes, apparently leads to HP1 recruitment and chromatin condensation in cultured cells and in vivo (Fig. 5B ). The presence of K m 9 but not K m 4 histone H3 across the rCh3 q22-34 region is consistent with CoREST-mediated recruitment of silencing machinery and the proposed epigenetic program (27, 28, 31, 35, 39) .
These observations further suggest that other factors analogous to REST are likely to mediate the silencing of distinct chromosomal regions that regulate other biological programs, some via recruitment of CoREST complexes. Conversely, the expression of REST/NRSF early in brain development and the potential silencing of genes such as SMARC E suggest that REST/NRSF may also control important roles in early embryonic gene silencing. 37 We performed high-resolution computer simulations of impacts into homogeneous and layered martian terrain analogs to try to account for the ages and characteristics of the martian meteorite collection found on Earth. We found that craters as small as ϳ3 kilometers can eject ϳ10 7 decimeter-sized fragments from Mars, which is enough to expect those fragments to appear in the terrestrial collection. This minimum crater diameter is at least four times smaller than previous estimates and depends on the physical composition of the target material. Terrain covered by a weak layer such as an impact-generated regolith requires larger, therefore rarer, impacts to eject meteorites. Because older terrain is more likely to be mantled with such material, we estimate that the martian meteorites will be biased toward younger ages, which is consistent with the meteorite collection.
Past models of the origin of the martian meteorite suite (1-3), which supposed that the meteorites were launched from relatively large craters, are unable to account for the presently known distribution of cosmic ray exposure (CRE) ages (4) . Using the known present-day lunar flux of impactors, extrapolated to Mars (5, 6) , the probability of even one 12-km-diameter crater forming on Shergottite-age terrain is ϳ0.04. In contrast, CRE ages (Table 1) and petrology (7, 8) indicate that the known martian meteorites were launched in six or seven events. Thus, the observed launch frequency disagrees by two orders of magnitude with the estimated cratering rate. Appeals to statistics of small numbers are unsatisfactory, given the large number of launch events now recognized.
In addition, most martian meteorites have likely crystallization ages of a few hundred million years ago (Ma), whereas about half of the martian surface is thought to date to about 3900 Ma (8, 9) .
Constraints from geochemistry, dynamics, and physics. The relatively young (ϳ200 Ma) Shergottites are basaltic in composition. Estimates of the crater diameter at which the surface is saturated (5, 10) indicate that the regolith thickness on this young terrain is on the order of 1 m. Older meteorites come from terrain that has had more time to accumulate a regolith. We estimate that for Nakhlite-age material, the regolith is on the order of tens of meters thick (5) . The ancient stone ALHA84001 presumably comes from the heavily cratered ancient terrain, where the regolith thickness may be on the order of hundreds of meters (5) . These geologic considerations determined the target model used in our calculations. The physical size of the martian meteorites as well as ablation studies determined the size of the meteorites to be less than a few decimeters before they entered Earth's atmosphere (9) ( Table 1) . Most Shergottites are shocked to pressures in the 30-to 45-GPa range. Such shock estimates are somewhat uncertain, so we presume that the stones are not shocked to melting; that is, they are shocked to less than 60 GPa.
The complete lack of evidence for 2-cosmic ray exposure (cosmic rays that arrive from only one hemisphere) argues that the martian meteorites came from some depth in the crust, at least 1 m (9). To be conservative, we excluded all material within 2 m of the surface. The frequent dust storms on Mars may well cover the entire planet with a blanket of dust of a thickness of 2 m (5). Hence, all martian bedrock might be shielded from 2-cosmic ray exposure. Celestial mechanics plays a significant role in this analysis. The fraction of martian ejecta that travels to Earth on a 10-million-year time scale is 5% (11, 12) . This material resides on Earth's surface for a finite time, typically on the order of 10 4 years (13). The amount of Earth's surface that is efficiently searched for meteorites is less than 0.1%. Combining these factors, we estimate that the probability of finding on Earth a fragment ejected from Mars is about 10 Ϫ6 to 10
Ϫ7
. Finally, to escape from Mars's gravitational field, the ejected material must have a speed greater than the escape velocity of 5 km/s.
Hence, the results of our simulations are analyzed to meet the following criteria: ejection velocity of greater than 5 km/s, material from deeper than 2 m, shock states less than 60 GPa, and fragments larger than 3 cm in diameter and in quantities of 10 6 or more. It is assumed that the martian atmosphere is a negligible barrier to meteorite launch (14) . If any of these criteria are not met by the impact simulation, we do not consider the crater to be a candidate source for the martian meteorites in our collections. The velocity histories of the tracer particles are then used as a boundary condition for a Lagrangian simulation, wherein the fragmentation model is used to predict fragment sizes. In the Lagrangian calculation, the boundaries between different materials are well defined at all times. This is required in order to study the interference between the shock wave and the free surface. Table 1 . Selected physical and chemical data for the martian meteorites. The diameter of the implied meteoroid is calculated assuming 50% ablation and a density of 3000 kg/m 3 . These are arranged in reverse order of the inferred ejection age. The ejection age is computed by combining the CRE age and the terrestrial residence age. The basaltic Shergottites and the lherzolites form distinct groups in ejection age, consistent with their differing petrology. Chassigny, though different petrologically from the Nakhlites, cannot be distinguished from them on the basis of CRE data. Sample EETA79001, the Dar al Gani stones, and sample ALH84001 are distinct from each other and the rest on the basis of ejection age. Data were compiled from (4, 9, 13, 30 -40 Method. We modified the SALE two-dimensional (2D) hydrocode (15) to incorporate fracture (16) and multiple materials (17) to model the process of mechanical spallation (18) . We studied vertical impacts [limited by the 2D capability of the hydrocode (19) ] at velocities ranging from 7.7 to 10 km/s (20) , which are appropriate for asteroidal impacts on the martian surface (Fig. 1) . We varied the impactor diameter from 100 to 400 m. The impactor was composed of basalt, whereas the target was either homogeneous basalt or alluvium, or a layer of alluvium over basalt. We used the Tillotson equation of state, choosing parameters (21) for a widely used basalt analog (bedrock) and for alluvium (regolith). The fragmentation parameters of the basalt were derived from (16), whereas the alluvium was assumed to be fully fractured (damage ϭ 1). Fragment sizes were calculated, along with shock histories and spall velocities. We performed mesh refinement studies to determine the point at which our results became independent of cell size (Fig. 2) . Resolving the shock wave is important, because numerical models typically require artificial viscosity to guarantee that the shock front, which is a few meters wide in geologic materials (21) , is spread over three cells (22) . In our simulations, spall velocity is a function of cell size for cells larger than 5 m, indicating that artificial viscosity is important for this choice of cell size. Spall velocity at a given range is constant in our simulations when the cell size is less than 5 m, indicating that a stable solution has been achieved. We interpret this to mean that the high spall velocities are due to the nonlinearities in the Tillotson equation of state (EOS), the effect of which is otherwise masked by artificial viscosity when the cell size is too large. The velocity distribution of the ejected fragments is consistent with earlier work (23) . The calculation is conducted in two steps. First, an Eulerian calculation is performed to avoid highly distorted cells near the impact. Tracer particles are used to define a velocity boundary condition for the second step, a Lagrangian calculation wherein the material boundaries are at all times well defined, a requisite condition for analyzing spall in the interference zone.
Impact modeling results. The smallest impact capable of producing candidate martian meteorite material was a 150-m-diameter projectile striking a homogeneous basaltic target at 10 km/s ( Table 2 ). The resulting final crater diameter, based on scaling (24) and assuming a factor of 1.25 growth due to crater collapse, is 3.1 km. This is a factor of 4 smaller than diameters produced by previous analytic calculations (18) . The ( pre-atmospheric) simulated fragment sizes are large enough and numerous enough to account for the lherzolitic Shergottites. To produce simulated fragment sizes large enough to account for the remaining Shergottites, the impactor must be larger, about 200 m. The recurrence interval for 3-km craters on Mars is about 200,000 years. If Shergottite material with a crystallization age of less than 400 Ma covers 10% of the martian surface (25) , than Shergottite-launching events should occur every 2 million years. This is within a factor of 2 of the launch rate apparent in Table 1 , within the uncertainties of the current lunar impact flux and the scaling of that flux to Mars (6) .
When a regolith is introduced, the velocity of the ejected material decreases (Figs. 3 and 4) . Hence, a larger impact is required to produce meteorites from such terrain. Currently, the largest impact that we can simulate at our highest resolution of 2.5 m per cell is for a 400-mdiameter projectile. The resulting crater in this simulation is 6.7 km in diameter. It is almost large enough to produce a sufficient number of fragments of the correct size to account for the Nakhlites or Chassigny. Thus, we estimate a lower limit of 7 km for the diameter of the source crater of these meteorites.
Our calculations indicate that the spall from a regolith with a thickness of more than half the impactor diameter is similar in speed and volume to that from a half-space of the same material. On this basis, we assign an estimate of 20 km for the size of the candidate source crater required to eject material from the ancient terrains of Mars. The correlation between the diameter of the source crater and the age of the target material, coupled with the sizefrequency distribution of martian craters, are critical factors in explaining the anomalous abundance of young martian meteorites.
Analysis. The small size of the required craters in our simulation is consistent with taking the CRE data as launch ages (26). The Fig. 2 . The figure depicts peak spall velocity as a function of distance from ground zero for seven simulations run under identical conditions, except for the choice of cell size. In these simulations, 100 m is at the edge of the impactor. The figure represents material from inside the final crater, which has a radius of 2 km. Spall velocity decreases rapidly with distance from the impact site. The spall velocity is strongly dependent on the cell size used in the computational grid for cells greater than 5 m across, which is comparable to the width of a shock wave in geologic materials (22) . However, for cells between 2.5 and 5 m, the spall velocity is nearly constant for any given distance from ground zero, indicating that the simulation has reached a stable solution. The high resolution in the simulation is what allows a consistent prediction of the fast ejecta velocity near the impact site. The 5 km/s escape velocity of Mars is indicated by the horizontal line. Table 2 . Analysis of a 150-m-diameter and a 200-m-diameter, 10 km/s, impact into homogeneous basaltic terrain with a cell resolution of 3.0 and 2.5 m, respectively. In the 150-m impactor event, the estimated crater size is 3.1 km. The majority of the fragments, which have a calculated mean size of 1 cm, are from a single cell. These fragments are too small to be viable martian meteorite progenitors. The largest fragments are comparatively rare. It is unlikely that the Zagami-sized fragments from this impact are numerous enough to expect to find them on Earth, although an event of this scale could account for the lherzolites. In the 200-m impactor event, the estimated crater size is 4 km. The minimum mean fragment size for any cell was 5 cm. This is the main reason why the number of fragments ejected is a factor of ϳ6 smaller than the smaller impact in this 
where N is the number of source craters on a terrain of a given age, t CRE is the ejection age of the meteorites in question (ϳ4 Ma for Shergottites), and f p (D) is the lunar crater production function for craters with diameter D or larger. This is 2 ϫ 10 Ϫ14 craters/km 2 / year for 4-km-diameter craters and is scaled to other crater sizes by the slope of the cumulative crater curve for Mars. R is the Mars/ Moon impactor flux ratio, "area" is the surface area of Mars (1.45 ϫ 10 8 km 2 ), and f sfc is the fraction of Mars covered by terrain of the age of interest. Hence, the number of source craters can be estimated by knowing the minimum size of a source crater; the cratering flux on Mars; the portion of the martian surface covered by terrain of a given age; and the time scale of interest, here assumed to be the launch (CRE) age. The martian cratering flux is assumed to be the same as the lunar flux times a factor R, estimated to be 0.9, with an 3 uncertainty of about a factor of 2 (6) . Using these values in Eq. 1, we obtain two to four source craters for the Shergottites, one or two for the Nakhlites and Chassigny, and about one for sample ALH84001. This is consistent with the geochemistry of the martian meteorites.
Running the calculation in reverse, assume exactly four impacts for the Shergottites, two for the Nakhlites and Chassigny, and one for ALH84001. One then computes that 10 to 40% of the martian surface is Shergottite-aged, 10 to 40% is Nakhlite/Chassignite-aged, and 35 to 100% is ALH84001-aged. The factor R accounts for most of the uncertainty (6) . Obviously, these are constrained to sum to 100% or less; however, these figures are consistent with the estimates of martian terrain ages (25) . Thus, the hypothesis that the martian meteorites come from a large number of small craters is consistent with all the available chemical and physical constraints. Lunar meteorites require separate consideration (27) .
It is evident that the recurrence interval from Shergottite-producing impacts is less than the terrestrial delivery time. In contrast, the recurrence interval for ALH84001-liberating impacts maybe longer than the delivery time scale. Hence, one expects to see a steady rain of Shergottite debris, whereas ancient material might derive from single rare impacts. This would imply that crystallization age should be correlated with ejection age, a trait that is observed (Table 1) . A closely related point is that small impacts eject relatively highly shocked material as compared to larger impacts, because of the fact that the interference zone (18) is larger for larger impacts, meaning that older debris is likely to be launched under gentler shock conditions. This trait is also evident in the meteorites. Another prediction is that additional Shergottites should show older as well as younger CRE ages. Because the model explains the apparent bias in the age of martian samples as an artifact of the launch crater requirements, the crystallization age distribution of the martian meteorites should remain unchanged as more samples are discovered. As the discovery rate is on the order of one every 2 years, in a decade's time we should gather enough new samples to see whether the trend established with the first 13 martian meteorites continues. Because the crater diameter is 20 to 30 times the impactor diameter, the size-frequency distribution of craters on the surface will initially follow that of f p (D). As craters accumulate, there is a point at which each new crater of a diameter D eq or smaller will on average destroy one old crater, a condition known as saturation or equilibrium. Because of the observed slope of the production function, saturation occurs first at small D eq , then at progressively larger diameters. A surface is said to be saturated to D eq when every point on that surface has a ϳ100% chance of having experienced an impact event of size D eq or smaller. The impact-generated regolith thickness can be estimated by using scaling relations between D eq , the depth of excavation (about D eq /4), and the thickness of the ejecta blanket. Because D eq increases with time, the regolith thickness increases with time. This theory has been validated against seismic studies of regolith thickness on the Moon. For a complete treatment, see (22 Here, damage means that the material effectively has a zero shear modulus in tension. The thicker the layer of damaged material (a low-velocity zone), the greater the suppression of the spall velocity. This trend continues until the thickness of the damaged layer is comparable to the impactor radius. This means that a larger impact is required to eject material from terrains overlain by damaged material, such as an impact-generated regolith. launched from Mars to expect to have one in our meteorite collection and that these fragments derive from a parent fragment undergoing an in-space breakup event. One million 20-cm-diameter stones have a total volume of ϳ4200 m 3 . This is equivalent to a single parent fragment 20 m across. Such a large fragment would have to come from a much larger and therefore much rarer impact than the ones modeled here. Consider further that to create a large number of different CRE ages, this fragment must undergo multiple breakup events, or a group of such mother fragments must each undergo breakup events at different times. Moreover, consider a 10-m-radius ejecta fragment as the parent of eight Shergottites. If the cosmic ray shielding depth is 2 m, then about half the volume of the fragment is shielded and will not present a 2-exposure history. A random draw of eight stones from the entire fragment would then have a (1/2) 8 or 1/256 chance of all stones presenting a single-stage CRE history. Because multiple ages are required, and at each step the ratio of two-stage to single-stage CRE history material increases, the odds for recovering only 4-exposed stones drops even more. Finally, an impact that launches a 20-m-diameter fragment will likely launch an enormous number of decimeter-scale fragments, which would be more likely to reach Earth than would pieces of the 20-m fragment (28) . 27. The data in Fig. 3 show that a low-velocity regolith layer may be irrelevant with regard to launching lunar meteorites because of the much lower lunar escape velocity of ϳ2.3 km/s. At this value, the spall velocity is the same in our models regardless of the presence of a regolith layer. The launch efficiency is then the same whether the surface is pristine or a deep regolith. Hence, the mechanism by which the launch of martian meteorites is biased in favor of young material cannot operate on the Moon. One implication of this is that lunar meteorite petrology should be representative of the observed surface units. This appears to be the case (9) . The delivery time scale is much less than for martian meteorites, and the maximum terrestrial age is evidently ϳ0.1 Ma. This implies that meteorites found on Earth are predominately from the most recent lunar impacts, because samples from older impacts would have been destroyed long ago by the terrestrial environment. As a test of our model, we simulated lunar meteorite launch, modeling the lunar surface as basaltic covered by a regolith of the same material, but damaged. We found that the expected number of source craters is consistent with that estimated from the lunar meteorites in hand, but only for impacts that are recent compared to the Moon-to-Earth delivery time scale. Samples from older impacts appear to be greatly underrepresented in the meteorite collection with regard to our model results. The few lunar meteorites with launch ages greater than a few hundred thousand years (up to ϳ10 Ma) are found only if they have been sequestered in the relatively benign space environment for most of their postlaunch history (29) .
